Neuron-glial interactions are crucial for growth, guidance and ensheathment of axons across species. In the Drosophila CNS midline, neuron-glial interactions underlie ensheathment of commissural axons by midline glial (MG) cells in a manner similar to mammalian oligodendrocytes. Although there has been some advance in the study of neuron-glial interactions and ensheathment of axons in the CNS midline, key aspects of axonal ensheathment are still not fully understood. One of the limitations has been the unavailability of MG membrane markers that could highlight the glial processes wrapping the axons. Previous studies have identified two key molecular players from the neuronal and glial cell types in the CNS midline. These are the neuronal transmembrane protein Neurexin IV (Nrx IV) and the membrane-anchored MG protein Wrapper, both of which interact in trans to mediate neuron-glial interactions and ensheathment of commissural axons. In the current study, we attempt to further our understanding of MG biology and try to overcome some of the technical difficulties posed by the lack of a robust MG driver that will specifically allow expression or knockdown of genes in MG. We report the generation of BAC transgenic flies of wrapper-GAL4 and demonstrate how these flies could be used as a genetic tool to understand MG biology. We have utilized the GAL4/UAS system to drive GFPreporter lines (membrane-bound mCD8-GFP; microtubule-associated tau-GFP) and nuclear lacZ using wrapper-GAL4 to highlight the MG cells and/or their processes that surround and perform axonal ensheathment functions in the embryonic midline. We also describe the utility of the wrapper-GAL4 driver line to down-regulate known MG genes specifically in Wrapper-positive cells. Finally, we validate the functionality of the wrapper-GAL4 driver by rescue of wrapper mutant phenotypes and lethality. Together, these studies provide us with a versatile genetic tool to investigate MG functions and will aid in future investigations where genetic screens using wrapper-GAL4 could be designed to identify novel molecular players at the Drosophila midline and unravel key aspects of MG biology.
Introduction
Drosophila has emerged as a powerful model system for the study of neuron-glial biology due to its genetic, molecular, and behavioral tractability. Although Drosophila has a relatively simple nervous system compared to vertebrates, it exhibits stereotypic glial organization and neuron-glial interactions similar to vertebrates. The establishment of neuron-glial interactions during development is essential for correct functioning of the nervous system. Any disruption in interactions between the neurons and glial cells has structural and physiological consequences that lead to severe pathologies in the nervous system (Bhat, 2003; Edenfeld et al., 2005; Nave, 2010) .
One of the key features of neuron-glial interactions is ensheathment of axons. In vertebrates, oligodendrocytes in the CNS and Schwann cells in the PNS help maintain neuronal functions by wrapping axons with sheaths of myelin (Herbert and Monk, 2016; Bhat, 2003) . This process of myelination is important for fast saltatory conduction of nerve impulses and in the organization of the axons into distinct molecular domains, namely the Nodes of Ranvier, paranodes, juxtaparanodes and internodes (Thaxton and Bhat, 2009; Thaxton et al., 2011; Buttermore et al., 2013) . Studies from our laboratory and others have established a key tripartite complex of highly conserved proteins, namely Contactinassociated protein (CASPR), Contactin and Neurofascins (Thaxton and Bhat, 2009; Charles et al., 2002) , and their Drosophila counterparts in the PNS: Neurexin IV (Nrx IV), Contactin (Cont) and Neuroglian (Faivre-Sarrailh et al., 2004; Banerjee et al., 2006a Banerjee et al., , 2006b ) to be crucial for neuron-glial interactions and ensheathment of axons.
Although a number of genes have been identified that show specific expression in MG (Crews, 2010) , the mechanistic details of how MG interact with midline neurons and their axons are still poorly under-stood. The Drosophila embryonic midline has been compared to the vertebrate spinal cord (floorplate) as both have a specialized set of cells at the ventral midline comprised of neurons and glial cells. Both cell types exist as a scaffold that ensheath commissural axons and both are important signaling centers (Jacobs, 2000; Lane et al., 2004; Crews, 2010) . The Drosophila midline has long been exploited as a model system to dissect axon guidance pathways and has provided fundamental information about the Slit/Roundabout repulsive and Netrin/ Frazzled attractive axon guidance cues (Hidalgo, 2003; O'Donnell et al., 2009; Dickson and Zou, 2010; Fulkerson and Estes, 2011; NeuhausFollini and Bashaw, 2015) . More recent studies in Drosophila embryonic CNS midline have demonstrated the requirement of Nrx IV and Wrapper in neuron-glial interactions and ensheathment of commissural axons (Stork et al., 2009; Wheeler et al., 2009; Slováková and Carmena, 2011; Jacobs, 2000; Noordermeer et al., 1998) . While Wrapper does not have a direct mammalian ortholog, its structure is very similar to proteins found to interact with Nrx IV/Caspr such as Cont/TAG1 (Pavlou et al., 2002) . Both Wrapper and Cont are Igsuperfamily proteins with Ig/FNIII domains and are inserted in the membrane via their GPI anchors.
Despite recent advances in the study of neuron-glial interactions and identification of proteins that mediate these interactions in the CNS midline, there is still a lack of key reagents that could provide insights into how the MG cells wrap the commissural axons and identify deficits in axonal wrapping in mutants. To address these limitations, here we report the generation and characterization of wrapper-GAL4 and its utilization to further our understanding of the molecular basis of axo-glial interactions underlying the ensheathment of axons during CNS development.
Material and methods

Generation of wrap-GAL4
wrapper-GAL4 was generated using Bacterial Artificial Chromosome (BAC)-based recombination (Carreira-Rosario et al., 2013; Ejsmont et al., 2011) . We used BAC CH321-61P08 (Venken et al., 2009 (Venken et al., , 2006 , which contains the complete wrapper locus and the adjacent loci. This BAC was modified by inserting yeast GAL4 sequence immediately after the wrapper start codon followed by a neo cassette and the rest of the BAC sequence. The resultant modified BAC was injected into Drosophila embryos containing acceptor sites to create transgenic flies carrying wrapper-GAL4 integrated into their genome on 2nd and 3rd chromosomes.
Fly stocks
Fly stocks used in this study were: Canton S as the wild type control, nrxIV 4304 (Baumgartner et al., 1996) , wrapper
175
, UASwrapper (Noordermeer et al., 1998) , wrapper-GAL4 (Janelia GAL4 stock) wrapper-GAL4 (this study) and UAS-Cont (Faivre-Sarrailh et al., 2004) . All other fly stocks, including the UAS-slitRNAi (stock numbers 31467, 31468) and UAS-wrapperRNAi (stock number 29561), were obtained from Bloomington Stock Center.
Immunohistochemistry, β-Galactosidase staining and confocal imaging
Immunostaining experiments were performed as previously described (Banerjee et al., 2006a (Banerjee et al., , 2006b . Primary antibodies used were: anti-BP102 (DSHB, 1:500), anti-Slit (DSHB, 1:250), anti-Wrapper (Wheeler et al., 2009 ), anti-Nrx IV (Baumgartner et al., 1996) , antiCont (Faivre-Sarrailh et al., 2004) , anti-GFP (Life Technologies, 1:500) and anti-β-Gal (Promega, 1:500). Fluorescent Alexa Fluor 488, 568 and 647 (Life Technologies, 1:200) were used as secondary antibodies. Confocal images were acquired using Zeiss LSM710 and image editing was done using Adobe Photoshop. β-Galactosidase histochemistry was performed according to Sonnenfeld and Jacobs (1995) .
Electron microscopy
For transmission electron microscopy (TEM), wild type and embryos from specified genotypes were dechorionated and processed for TEM as previously described (Stollewerk et al., 1996; Banerjee et al., 2006a Banerjee et al., , 2006b , with some modifications for the β-galactosidase assayed embryos. Briefly, embryos were collected and dechorionated in 100% bleach for 2.5 min. Embryos were then washed in 0.1 M Phosphate buffer, and fixed in 5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.0. Embryos were manually devitelinized in PBS and placed at 37°C in a β-galactosidase staining solution (PBS, pH 7.4, 10 mM MgCl2, 31 μM K3[Fe(CN)6], 31 μM K4[Fe(CN)6], 0.2% X-gal) until color developed. Embryos were washed with 0.1 M Phosphate buffer, and post-fixed for 30 min in 18.5% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.0 and then with 2% acrolein/ 4% glutaraldehyde in 0.1 M sodium phosphate buffer for 15 min. They were subsequently placed in 4% glutaraldehyde in 1 M sodium cacodylate buffer, followed by 1 h in cacodylate-buffered 1% osmium tetroxide and stained en bloc with 2% uranyl acetate, rinsed, dehydrated in increasing concentrations of cold ethanol, and embedded in PolyBed (Polysciences, Warrington, PA). One-micrometer sections were cut and stained with a combination of uranyl acetate and lead citrate. Electron micrographs were obtained using a Zeiss Leo 910 TEM microscope with a digital camera. Images were processed using Adobe Photoshop software.
Survival assay
Three sets of 100 embryos and third instar larvae of the specified genotypes were analyzed for the survival assay. Briefly, 0-2 h embryos of all genotypes were collected and aged at 25°C. Survival of embryos to 1st instar larvae were scored after 24-26 h from egg lay. It was observed that the embryos that did not hatch past 26 h after egg lay, failed to hatch altogether. For correct identification of mutant and rescue genotypes, non-GFP embryos were sorted at stage 16 of development. For third instar larval to adult survival assay, three sets of 100 larvae of the specified genotypes were scored for eclosion to adulthood.
Quantification of Wrapper fluorescence intensity
Fluorescence intensity measurements for Wrapper was quantified from confocal slices of embryonic stage 16 Z-stack images compressed using maximum projection functions. Regions of interest were selected for each MG from abdominal segments 2-8 (A2-A8) of embryos of designated genotypes and used for assessment and quantification of fluorescence intensity using Image J software. For each embryo, average background fluorescence was subtracted from fluorescence intensity measurements of Wrapper from MG of segments A2-A8. 15 embryos (n=15) from each genotype were assayed for Wrapper levels and subjected to statistical analysis.
Statistical analysis
All statistical analyses were performed using the Graphpad PRISM software. Statistical significance was determined by one way ANOVA followed by post hoc Tukey's multiple comparison test and Student's ttest. Error bars represent mean + SEM (***p < 0.001, **p < 0.01, *p < 0.05, ns -not significant).
Results and discussion
Generation of wrapper-GAL4 for midline glial expression
MG are known to ensheath the commissural axons in the CNS midline. However, the process of MG ensheathment is not well characterized partly due to the lack of known MG membrane proteins that are robustly expressed in MG processes, or GAL4 drivers that express specifically in the MG cells. Some of the previously generated midline GAL4 drivers such as sim-GAL4 (Fig. 1A) , slit-GAL4 ( Fig. 1B ; Awasaki and Lee, 2011; Xiao et al., 1996; Scholz et al., 1997) and wrapper-GAL4 ( Fig. 1C ) (Janelia GAL4 collection) have expression that is not limited to MG. In addition to MG, these GAL4s are either expressed in midline neurons or non-neuronal tissues. The immunoglobulin (Ig)-superfamily protein, Wrapper, was identified and reported as a MG-specific protein (Noordermeer et al., 1998 ) that mediates neuron-glial interactions and ensheathment of commissural axons in the CNS midline (Stork et al., 2009; Wheeler et al., 2009 ). Although Wrapper is a GPI-linked protein, its endogenous expression could not be detected in the MG processes. Because the previously generated wrapper-GAL4 driver (Fig. 1C) did not mimic the endogenous Wrapper expression pattern, we decided to create a Bacterial Artificial Chromosome (BAC) that contained GAL4 sequence inserted into the wrapper locus ( Fig. 1D ; Carreira-Rosario et al., 2013; Ejsmont et al., 2011) . The insertion site was immediately following the wrapper start codon (ATG; Fig. 1D ). No genomic sequences were deleted from the wrapper locus. Since endogenous Wrapper was restricted mostly to the MG soma, we expected our transgenic wrapper-GAL4 driver line to allow expression of genes and reporters specifically in Wrapperpositive cells. The modified BAC was subsequently injected into embryos to generate transgenic wrapper-GAL4 strains. After establishing a wrapper-GAL4 line, the flies were crossed to UAS-mCD8-GFP to express a membrane-bound GFP reporter to confirm GFP expression in the midline (Fig. 1E , E′, green). These embryos were co-stained with BP102 that labels the CNS axonal scaffold (Fig. 1E′, red) . The expression of GFP in MG confirmed the successful generation of a wrapper-GAL4 driver with specific expression in the MG cells. To further determine whether the wrapper-Gal4 line that we generated caused any increase in Wrapper levels, we measured the fluorescence intensity of Wrapper in MG of wrapper-Gal4 homozygous embryos. As shown in SFig. 1, no significant differences in Wrapper levels were observed when compared to the wild type controls.
We next wanted to analyze in more detail to what extent the wrapper-GAL4 recapitulates the endogenous Wrapper expression in wrapper-GAL4/UAS-mCD8-GFP embryos during CNS midline development ( Fig. 1F-F' ', G-G''). To this end, we immunostained stages 12-16 wrapper-GAL4/UAS-mCD8-GFP embryos with anti-GFP (green), anti-Wrapper (red) and anti-BP102 (blue) (data shown for stage 16, Fig. 1F-F' ', G-G''). Across all stages of embryonic development that we analyzed, GFP showed colocalization with the endogenous Wrapper in both the ventral (Fig. 1F-F'' ) and lateral views (Fig. 1G-G'' ). The lateral view allowed us to study the axonal wrapping by MG cells where the commissural axons labeled by anti-BP102 (blue, Fig. 1G'' ) are seen to be completely surrounded by Wrapper (Fig. 1G) and GFP (Fig. 1G′ ) expressed in Wrapper-positive MG cells.
Although the membrane-bound mCD8-GFP mimicked the endogenous Wrapper with high fidelity, it did not label the MG processes. Therefore, in order to visualize MG processes, we recombined the UAStau-GFP reporter with wrapper-GAL4 to increase the copy number and intensity of the GFP expression. Since tau-GFP binds to the microtubule network, it facilitated the visualization of the glial cytoplasm and processes (Williams et al., 2000) in embryos of wrapper-GAL4,UAS-tau-GFP (Fig. 1H-H'' ). Embryos were immunostained with anti-GFP (Fig. 1H', I ', green), anti-Wrapper (Fig. 1H, I , red) and anti-BP102 (Fig. 1H′ ', I′', blue). While tau-GFP expression overlapped with endogenous Wrapper (Fig. 1H, H′) , we observed additional expression of GFP in cellular projections (green asterisks, Fig. 1H′ ) that emanated from MG cells and otherwise not visible with anti-Wrapper (Fig. 1H ). These projections seemed to pass through the commissural axon tracts in stage 13 (data not shown) and ran along the entire length of the longitudinal axons at later developmental time points (Fig. 1H′, SFig. 2). It is important to note that the UAS-tauGFP reporter embryos have some leaky GFP expression mostly in the periphery (SFig. 2). Since MG are mostly known for ensheathment of commissural axons, the presence of longitudinal processes may indicate that MG may have additional functions along longitudinal axonal tracts. These functions may include providing trophic support or ensheathment of axons as well as signal transduction interfaces. MG processes were observed outside the midline area and they seemed very transient. At this stage it is not clear whether some processes are eliminated as development continues. This transient MG process formation will be further explored using EM and immuno-EM to precisely define the dynamic nature of the process formation and axonal ensheathment during midline development. Together these data sets demonstrate that the newly generated wrapper-GAL4 better recapitulates expression in Wrapper-positive MG cells than any of the existing MG drivers (shown in Fig. 1A-C) and that it can be used as a tool to specifically study MG cell development and function.
Having examined the wrapper-Gal4 expression in the embryonic stages, we extended our studies to visualize MG in the third instar larval ventral nerve cord (VNC). A lateral view of the third instar VNC of wrapper-Gal4;tau-GFP showed GFP expression in the MG cells and their membrane processes (Fig. 1J , J'", arrows) ensheathing the commissural axons labeled with BP102 ( Fig. 1J'' , J′'', asterisks) as reported previously (Jacobs, 2000) . Wrapper expression (Fig. 1J′ ) in the lateral view was detected in the MG membrane at lower intensity than GFP. These data suggest that the newly engineered wrapper-Gal4 could be used to study MG beyond embryonic development.
wrapper-GAL4, a tool for analysis of midline glial cell biology
We next wanted to test the utility and versatility of the wrapper-GAL4 as a genetic tool to study MG biology at the embryonic CNS. We crossed the wrapper-GAL4 flies to the UAS-lacZ reporter line to analyze expression of lacZ, as detected by β-galactosidase activity in Wrapper-positive cells in wrapper-GAL4/UAS-lacZ embryonic midline ( Fig. 2A, B) . The substrate 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) is converted to an insoluble product which forms blue crystals (Sonnenfeld and Jacobs, 1995) . Our goal was to utilize the β-galactosidase-expressing wrapper-GAL4/UAS-lacZ embryos for ul- 
. Generation and expression of wrapper-GAL4. (A-C) Confocal images of Stage 16 embryos of sim-GAL4/UAS-tauGFP (A), slit-GAL4/UAS-tauGFP (B) and wrapper-GAL4/UAStauGFP (C, Janelia GAL4 stock abbreviated as JF) show expression of GFP (green) and BP102 (red). (D)
Design of the wrapper-GAL4 construct using BAC CH321-61P08. The DNA sequence in blue is from the wrapper gene with its initiator codon ATG shown in red. The sequence in green is the GAL4 sequence and the termination codon is shown in green with asterisk. Further downstream the wrapper sequence continues in blue. No wrapper sequences were deleted but only disrupted with inframe insertion of GAL4.
(E) Confocal image of Stage 16 embryo of wrapper-GAL4/UAS-mCD8-GFP in ventral view shows GFP expression in MG (E) and BP102 in CNS axons (E′). (F-F'' and G-G'') Higher magnification confocal images of Stage 16 embryos of wrapper-GAL4/UAS-mCD8-GFP (F-F'', ventral view, and G-G'' lateral view) shows an overlap of Wrapper with GFP (F'' and G"). (H-H'' and I-I'') Confocal images of Stage 16 wrapper-GAL4/UAS-tau-GFP embryos in ventral view (H-H'') and lateral view (I-I′) also display an overlap of Wrapper (H and I) with GFP (H′ and I′) at the MG.
GFP expression can also be seen in glial processes (green asterisk, H′). BP102 (blue) was used for labeling CNS axonal scaffold. Embryos in A, B and C show a lateral view and are oriented anterior to the left and dorsal top. Embryo in E shows a sagittal view with anterior to the left. Higher magnification images in F-I'' have anterior to the top. (J-J''') Confocal images of MG and their ensheathing processes in third instar ventral nerve cord of wrapper-Gal4/UAS-tau-GFP labeled with GFP (J, J''', arrows), Wrapper (J', J''') and BP102 (J′', J''', asterisks). trastructural analysis such that the β-galactosidase generated reaction product crystals enabled the visualization of the MG soma and their cellular processes with exceptional clarity. As a comparison, we first performed transmission electron microscopy (TEM) analysis of wild type embryos (Fig. 2C-E) . Cross-sections through the abdominal segments of the wild type embryos reveal the commissures (Com) separated by midline glia (MG) with neuronal cell bodies (asterisks) on the ventral side (Fig. 2C) . Higher magnification micrographs from the wild type midline reveal MG cells (MG, Fig. 2D ) and commissural axons (Ax, Fig. 2E) surrounded by MG processes (arrowhead, Fig. 2E ). TEM of wrapper-GAL4/UAS-lacZ embryos show the accumulation of crystals surrounding the MG nuclei (Fig. 2F,G) as well as the glial processes. The presence of crystals in the TEM of wrapper-GAL4/UASlacZ embryos provided an ease and definitive identification of the MG cells and simplified following the anatomical features of glial processes, thus providing a better resolution in the study and understanding of axonal ensheathment in a wild type context. Together the ultrastructural studies demonstrate that wrapper-GAL4 could be utilized for the study of MG cell ultrastructure and processes that traverse and ensheath axons not only across different stages of embryonic development but also could be utilized to study the deficits in the mutants of known and yet to be identified MG genes.
To further determine the efficacy of the wrapper-GAL4, we next wanted to test whether wrapper-GAL4 could be effective in knocking down known genes that are MG-specific, such as wrapper and slit (Noordermeer et al., 1998; Kidd et al., 1999; Simpson et al., 2000) . Immunohistochemical analyses of wrapper-GAL4/UAS-wrapperRNAi (Fig. 2I ) and wrapper-GAL4/UAS-slitRNAi (Fig. 2K ) when compared to their respective wild type counterparts (Figs. 2H and J, respectively) , showed a significant downregulation of the endogenous Wrapper (compare Fig. 2I , arrowheads with 2H, arrows; see also Fig. 2L ) and Slit ( Fig. 2 K, arrowheads with 2J , arrows) expression levels in the MG cells. It is also important to note that the fluorescence intensity of Wrapper did not show any significant differences between individual segments analyzed within embryos of the same genotype (such as comparing all black bars that represent wild type and all green bars representing the Wrapper knockdown, Fig. 2L ) suggesting a uniform knockdown under wrapper-Gal4. Although both Wrapper and Slit showed significant knockdown, we did not come across embryos that exhibited a complete loss of either Wrapper or Slit as is observed in their respective null mutant embryos (data not shown). A more robust knockdown could be achieved by: (1) having more copies of the UASRNAi and/or the GAL4, (2) raising flies at a higher temperature and (3) introducing Dicer together with the RNAi. Together, these data sets revealed that wrapper-GAL4 could be used as a genetic tool to address specific aspects of MG cells using loss or gain of function strategies.
Wrapper-GAL4 expression and rescue of wrapper mutant phenotypes and lethality
Previous studies have identified Nrx IV and Wrapper as key molecular players in mediating neuron-glial interactions and in the developmental organization of the Drosophila embryonic CNS midline (Wheeler et al., 2009; Stork et al., 2009; Slovakova and Carmena, 2011) . wrapper mutant embryos displayed mislocalization of Nrx IV (Wheeler et al., 2009; Stork et al., 2009) in the CNS and significant lethality (Noordermeer et al., 1998) . None of the previously published studies, however, reported a rescue of the aforementioned wrapper mutant phenotypes and/or lethality. With the generation of wrapper-GAL4, we were in a position to address some of these gaps remaining from the previous studies by performing functional rescue analysis of wrapper mutant phenotypes.
We first carried out immunofluorescence analysis of Nrx IV, Wrapper and BP102 in stage 16 embryos of wild type (Fig. 3A) , wrapper-/- (Fig. 3B) , nrx IV-/- (Fig. 3C) and wrapper-/-; wrapper-GAL4/UAS-wrapper (Fig. 3D) . Consistent with previous studies, wild type embryos showed a strong asymmetric localization of Nrx IV (arrowheads, Fig. 3A , A''') in midline neurons that juxtapose Wrapper in MG ( Fig. 3A ; Banerjee et al., 2010) , and low levels of Nrx IV in lateral CNS neurons. nrx IV mutants showed aberrant Wrapper localization (Fig. 3B' , B''') resulting from malformed MG, and a disrupted axonal scaffold (Fig. 3B′', B''' ). wrapper mutants, on the other hand, showed a striking mislocalization of Nrx IV (arrowheads, Fig. 3C , C''') in the form of a more uniform distribution in neuronal cell bodies and an elevated expression throughout the lateral CNS neurons and axons. wrapper-/-; wrapper-GAL4/UAS-wrapper embryos displayed a complete rescue of Nrx IV localization comparable to wild type embryos (compare Fig. 3D with 3A) and normal distribution of Wrapper in the MG (Fig. 3D′) . These results highlight the importance of wrapper-GAL4 in the phenotypic rescue of wrapper mutants.
We next wanted to test if wrapper-GAL4 was capable of rescuing the lethality of wrapper loss-of-function. We conducted a survival assay on wild type, wrapper-/-and wrapper-/-; wrapper-GAL4/UASwrapper (Fig. 3E, F) to check for survival of embryos into first instar larvae as well as survival of third instar larvae to adulthood. Our findings suggest that a vast majority of wrapper-/-embryos displayed a failure to hatch into first instar larvae which gets fully rescued in wrapper-/-;wrapper-GAL4/UAS-wrapper embryos (Fig.  3E ). Interestingly, wrapper-/-that made it to the third instar larval stage had a higher chance of survival to adulthood (Fig. 3F ) than survival of wrapper-/-embryos to first instar larvae (Fig. 3E) . While there was still a significantly higher lethality of wrapper-/-larvae to emerge as adults, the larvae from wrapper-/-;wrapper-GAL4/UAS-wrapper were completely rescued to wild type levels (Fig. 3F) . These data suggest that wrapper-GAL4 could be used for functional rescue of wrapper mutant phenotypes and potentially that of other MG mutants.
3.4. Contactin, a GPI-anchored Ig-superfamily protein, can substitute for wrapper in midline glial cells
Having tested the usefulness of wrapper-GAL4 in the rescue of wrapper mutant lethality and aberrant Nrx IV midline localization, we wanted to test whether Drosophila Contactin will be able to rescue wrapper mutants based on the similarities in their domain structure and the fact that there is no direct vertebrate homolog of wrapper. Drosophila contactin and neurexin IV have vertebrate/human homologs Contactin and Caspr1, respectively, and are binding partners that form a major part of the axo-glial junctional machinery (Bhat, 2003; Banerjee et al., 2006b) . We reasoned that in the absence of a vertebrate wrapper homolog, proteins that have similar domain structure as Wrapper and that bind to Nrx IV could potentially substitute for Wrapper function in its absence, and thus making Wrapper relevant to our understanding of axon-glia biology in an invertebrate system.
As shown in Fig. 4 , Contactin (Cont) shares domain similarity with Wrapper ( Fig. 4A ) and binds to Nrx IV (Banerjee et al., 2006a (Banerjee et al., , 2006b ), and might potentially be able to substitute for Wrapper when expressed in MG cells of wrapper mutants. We immunostained wild type (Fig. 4B) , wrapper-/- (Fig. 4C) and wrapper-/-;wrapper-GAL4/UAS-Cont (Fig. 4D , E) embryos with anti-Wrapper (blue), anti-Nrx IV (green) and anti-Cont (red). As expected, in wild type embryos Wrapper localized to MG cells (Fig. 4B) and Nrx IV to midline neurons (Fig. 4B') , while Cont (red arrowhead, Fig. 4B′' , B''') localized to a specific subset of glia in the CNS, called the channel glia (Ito et al., 1995; Giangrande, 1996; Hartenstein, 2011; Freeman, 2015) . Interestingly, in wrapper-/-apart from Nrx IV misdistribution (Fig. 4C', C''' ), Cont localization in channel glia seemed unaffected (red arrowhead, Fig. 4C′ ', C''') suggesting that Cont does not play a role together with the Wrapper/Nrx IV protein complex in the midline. In wrapper-/-;wrapper-GAL4/UAS-Cont rescue embryos (Fig. 4D-D''' ), in the absence of Wrapper, Cont expression was detected in wrapper-GAL4 domain in MG (Fig. 4D'' , D'''), together with a remarkable rescue of Nrx IV localization characterized by its typical asymmetry in the midline neurons now juxtaposing the Cont expressing MG cells. The red arrowhead ( Fig. 4D'' , D''') points to the presumptive location of the channel glia. A higher magnification of a lateral view of MG clearly revealed the asymmetric pattern of Nrx IV localization (Fig. 4E ', E''') and Cont in MG (white arrowhead, Fig. 4E '', E''') and its endogenous channel glia localization (red arrowhead, Fig. 4E'', E''' ). These data further uncover that Cont is able to rescue Nrx IV localization in trans in midline neurons as well as in cis as has been previously reported (Banerjee et al., 2006a; . Together, our data validate the efficiency of wrapper-GAL4 as a powerful tool for genetic manipulations in the CNS MG cells of Drosophila. 
Conclusion
In this study we provide insights into the structural and functional aspects of Drosophila MG cells with the help of a newly engineered transgenic wrapper-GAL4 fly line. Using the wrapper-GAL4 driver line, we highlight a variety of genetic manipulations that could be done to understand MG biology in Drosophila. We also provide data that reiterate the importance of two essential genes, Nrx IV and Wrapper in neuron-glial interactions and ensheathment of commissural axons at the CNS midline. Future studies using the wrapper-GAL4 driver will be highly instrumental to explore MG cell structure and function in vivo, and in carrying out genetic screens to identify new genes that might improve our understanding of the process of axonal ensheathment and vertebrate myelination during development, health, and disease.
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